Development of probabilistic structural analysis methodology for hot engine structures i s a major activity at NASA Lewis Research Center. sists of three program elements: (1) composite load spectra methods, ( 2 ) probabilistic structural analysis methods, and ( fuel turbopump (HPFT) turbine blade temperature, pressure, and torque o f the space shuttle main engine (SSME), ( 2 ) the evaluation of the cumulative distribution function for various structural response variables based o n assumed uncertainties in primitive structural variables, and ( 3 ) evaluation of the failure probability. Collectively, the results demonstrate that the structural durability of hot engine structural components can be effectively evaluated in a formal p r o b a b i l i s t i c l r e l i a b i l i t y framework.
INTRODUCTION
It is becoming increasingly evident that deter-ministic structural analysis methods will not be sufficient to properly design critical components in hot engine structures. These structural components are subjected to a variety of complex, and severe cyclic loading conditions including high temperatures and high temperature gradients. Most of these are quantifiable only as best engineering estimates. These complex loading conditions subject the material to coupled nonlinear behavior which depends on stress, temperature, and time. Coupled nonlinear material behavior is nonuniform, is very difficult to determine experimentally, and perhaps impossible to describe deterministically. In addition, hot rotating structural components a r e relatively small. F a b r i c a t i o n tolerances on these components, which in essence are small thickness variations, can have significant effects on the component structural response. Fabrication tolerances by their very nature are statistical. Furthermore the attachment of components in the structural system generally differs by some indeterminant degree from that assumed for designing the component. In summary, all four fundamental aspects: (1) loading conditions, ( 2 ) material behavior, ( 3 ) geometric configuration, and ( 4 ) supports -on which structural analyses are based, are of a random nature. The direct way to formally account for all these uncertain aspects is to develop probabilistic structural analysis methods where all participating variables are described by appropriate probability functions.
NASA Lewis Research Center is currently developing probabilistic structural analysis methods for select engine structural components ( fig. 1 ) .
Briefly, the deterministic, three-dimensional, inelastic analysis methodology developed under the Hot Section Technology (HOST) and Research and Technology Base Programs is being augmented to accommodate the complex probabilistic loading spectra, the thermoviscoplastic material behavior, and the materia degradation associated with the environment of aerospace propulsion system structural components. The goal of the methodology is to address the prob depicted schematically in figure 2.
The development of probabilistic structural analysis methodology cons em sts of the following program.elements (ref.
(1) composite load spectra models, ( 2 ) computational probabilistic structural analysis methods, and (3) probabilistic analysis and structural reliability application. The development o f the probabilistic structural analysis methodology is a joint program of NASA Lewis in-house and sponsored research. The objective of the proposed paper is t o illustrate recent progress on the application of this methodology to determine the reliability of turbine blade components of rocket propulsion systems. progress o f specific elements of the program are described in papers presented i n several recent conferences (refs. 2 to 8 ) . Recent activities have focused on extending the methods to include the combined uncertainties in several factors on the structural response ( fig. 3 ) . The objective of the present paper is to briefly describe recent progress in three program elements: composite load spectra models, probabilistic finite element structural analysis, and probabilistic strength degradation modeling. Progress is described in terms of fundamental concepts, computer code development, and representative numerical results.
Past

COMPOSITE LOAD SPECTRA
The fundamental assumption for developing composite load spectra is that each individual load condition is the probabilistic time synthesis of four primitive parts: (1) steady state, ( 2 ) periodic, ( 3 ) random, and ( 4 ) spike. Each of these parts, except random, is described by a deterministic portion and a probabilistic perturbation about this deterministic portion as depicted schematically in figure 4. One justification for describing each loading condition in terms of primitive parts is that experts, over the years, have developed good judgments of the ranges of the perturbations about nominal (deterministic) conditions. The objective of the Composite Load Spectra program is to formalize the fundamental assumption in a computer code using: (1) available data from various rocket engines, ( 2 ) probability theory, and ( 3 ) a dedicated expert system.
A schematic diagram o f the composite load spectra (CLS) computer code is shown in figure 5 . different engir;e factors on the SSME high pressure fuel turbopump turbine blade are Snown in figures 6 and 7. Figure 6 depicts the nominal temperatures, while figure 7 indicates the temperature changes due to hot gas seal geometry and respective perturbations indicated in the figure caption. for example, the greatest temperature change due to gas seal geometry ( fig. 7 ) is 53.3 " F . The combined contributions of this and other factors (not shown here) is 87.6 "F dhich is in addition to the greatest nominal temperature of ;860 O F .
this is not the case, because at these levels, small temperature changes have dramatic effects on durability and cooling requirements.
Representative results obtained for the perturbations of Although at first glance a change of 87.6 " F may seem insignificant,
Another r e p r e s e n t a t i v e example i s shown i n f i g u r e 8, where t h e e f f e c t o f comparable f a c t o r s on t h e t o r q u e o f t h e h i g h p r e s s u r e o x i d i z e r turbopump (HPOTP) a r e p l o t t e d as a f u n c t i o n o f t i m e , f o r t h e s t a r t - These bounds a r e s u b s t a n t i a l l y w i d e r a t some t i m e s t h e n a t o t h e r s .
The c u r r e n t CLS code p e r m i t s t h e simultaneous p e r t u r b a t i o n o f 47 PROBABILISTIC F I N I T E ELEMEN; STRUCTURAL ANALYSIS The fundamental assumption f o r d e v e l o p i n g p r o b a b i l i s t i c f i n i t e element s t r u c t u r a l a n a l y s i s (PFEM) i s t h a t t h e u n c e r t a i n t i e s i n each p r i m i t i v e s t r u ct u r a l v a r i a b l e can be r e p r e s e n t e d by an assumed p r o b a b i l i s t i c d i s t r i b u t i o n . P r i m i t i v e s t r u c t u r a l v a r i a b l e s a r e those which a r e used t o d e s c r i b e a s t r u ct u r e such as: ( 1 ) s t i f f n e s s , ( 2 ) s t r e n g t h , ( 3 ) t h i c k n e s s and t o l e r a n c e , ( 4 ) s p a t i a l l o c a t i o n , ( 5 ) attachment, and ( 6 ) v a r i o u s n o n l i n e a r dependencies ( t e mp e r a t u r e , s t r e s s , t i m e , e t c . ) . A schematic o f t h e p r o b a b i l i s t i c d i s t r i b u t i o n s f o r some p r i m i t i v e v a r i a b l e s i s shown i n f i g u r e 9. Subsequently, t h e uncert a i n t i e s i n t h e l o a d c o n d i t i o n s ( d e s c r i b e d by t h e composite l o a d s p e c t r a ) and t h e u n c e r t a i n t i e s i n t h e p r i m i t i v e s t r u c t u r a l v a r i a b l e s a r e c o m p u t a t i o n a l l y s i m u l a t e d by p e r f o r m i n g p r o b a b i l i s t i c s t r u c t u r a l analyses t o d e t e r m i n e t h e r a ndom s t r u c t u r a l response o f a s p e c i f i c SSME s t r u c t u r a l component. The s t r u ct u r a l response i s g e n e r a l l y d e s c r i b e d i n t e r m s o f usual q u a n t i t i e s such as d i s p l a c e m e n t , f r e q u e n c i e s , buck1 i n g l o a d s , and s t r u c t u r a l f r a c t u r e toughness. The i n t e g r a t i o n i s i l l u s t r a t e d i n f i g u r e 10.
I t i s i n s t r u c t i v e t o compare component development by t h e t r a d i t i o n a l
e n g i n e e r i n g approach and component e v a l u a t i o n u s i n g PFEM. summarized i n t a b l e I. The former approach r e l i e s on p h y s i c a l experiments for q u a n t i f i c a t i o n and r e q u i r e s t h a t t h e m a t e r i a l , f a b r i c a t i o n p r o c e s s , and t e s t methods be a v a i l a b l e . The l a t t e r approach i s e n t i r e l y c o m p u t a t i o n a l and r e q u i r e s t h e i n t e g r a t i o n o f a v a i l a b l e s t r u c t u r a l a n a l y s i s methods w i t h a v a i la b l e p r o b a b i l i t y t h e o r y . The former approach has t h e advantage o f demonstrati n g a s p e c i f i c t e c h n o l o g y w h i l e t h e l a t t e r has t h e advantage of a s s e s s i n g undeveloped, b u t w i t h h i g h payoff p o t e n t i a l , c a n d i d a t e t e c h n o l o g i e s . I n a d d it i o n , t h e former approach r e q u i r e s a l a r g e number o f experiments t o v e r i f y a d e s i g n , w h i l e i n t h e l a t t e r a d e s i g n can be v e r i f i e d w i t h s t r a t e g i c a l l y s e l e c t e d f e w e x p e r i m e n t s .
The p a r a l l e l i s m i s PFEM has been f o r m a l i z e d and i n t e g r a t e d i n t o a computer code i d e n t i f i e d as numerical e v a l u a t i o n o f s t o c h a s t i c s t r u c t u r e s under s t r e s s (NESSUS). A schematic diagram o f NESSUS i s shown i n f i g u r e 1 1 . The u s e r i n t e r a c t s w i t h NESSUS t h r o u g h a d e d i c a t e d e x p e r t system s c h e m a t i c a l l y shown i n f i g u r e 12
( r e f . 8). R e p r e s e n t a t i v e r e s u l t s o b t a i n e d u s i n g NESSUS a r e shown i n f i g u r e 13. The d i s t r i b u t i o n s assumed f o r t h e p r i m i t i v e v a r i a b l e s a r e l i s t e d i n t h e t a b l e i n f i g u r e 13. Both t h e i n d i v i d u a l and t h e combined e f f e c t s o f t h e p r i m i t i v e v a r i a b l e u n c e r t a i n t i e s on t h e combined s t r e s s (Von M i s e s ) a r e shown i n f i gu r e 13 i n terms o f c u m u l a t i v e d i s t r i b u t i o n f u n c t i o n s (CDF). The i n f o r m a t i o n generated d u r i n g t h e PFEM can be used t o e s t a b l i s h t h e c o n f i d e n c e l e v e l . A sample r e s u l t i s shown i n f i g u r e 14 f o r one b l a d e l o c a t i o n .
The curves i n f i g u r e 14 can be used i n a number o f ways such as: ( 1 ) 
a l l t h e b l a d e s t e s t e d i n t h e assumed c o n d i t i o n s w i l l have a mean combined s t r e s s between 57.9 and 62.1 k s i 90 p e r c e n t o f t h e t i m e and ( 2 ) t h e combined s t r e s s i n a l l t h e b l a d e s t e s t e d (under t h e assumed c o n d i t i o n s ) w i l l range from 42 t o 83 k s i . T h i s i n d i c a t e s t h a t a wide s c a t t e r i n t h e combined s t r e s s i s probab l e . Two i m p l i c a t i o n s t h a t follow a r e :
( 1 ) a s s e s s i n g t h e d u r a b i l i t y l l i f e o f t h e b l a d e s u s i n g o n l y m a t e r i a l u n c e r t a i n t i e s w i l l n o t be s u f f i c i e n t , and ( 2 ) o b t a i n i n g wide s c a t t e r i n measured s t r e s s / s t r a i n magnitudes does n o t necess a r i l y i n d i c a t e t e s t procedure d i f f i c u l t i e s .
A l l t h e NESSUS r e s u l t s p r e s e n t e d h e r e i n were o b t a i n e d u s i n g about 1000 p e r t u r b a t i o n s f o r each case s t u d i e d . These p e r t u r b a t i o n s a r e r e l a t i v e l y small i n number compared t o d i r e c t Monte C a r l o s i m u l a t i o n which w i l l n o r m a l l y r e q u i r e 20 000 and g r e a t e r s i m u l a t i o n s t o generate t h e same curves ( r e f s . 6 and 7 ) . The reduced ( b u t w i t h comparable accuracy) number o f s i m u l a t i o n s i s a r e s u l t o f a NESSUS f e a t u r e which u t i l i z e s t h e f a s t p r o b a b i l i t y i n t e g r a t i o n method ( r e f . 6) t o s e l e c t subsequent p e r t u r b a t i o n s i n a s e l f -a d a p t i v e manner.
PROBABILISTIC ANALYSIS FOR STRENGTH DEGRADATION
The fundamental assumption f o r d e v e l o p i n g p r o b a b i l i s t i c a n a l y s i s methods f o r s t r e n g t h d e g r a d a t i o n i s t h a t t h e u n c e r t a i n t i e s i n t h e p r i m i t i v e v a r i a b l e s a f f e c
t i n g s t r e n g t h can be d e s c r i b e d by assumed d i s t r i b u t i o n s . Two d i f f e r e n t models a r e s e l e c t e d t o demonstrate t h e concept. The models express t h e number
o f mechanical l o a d c y c l e s t o f a i l u r e . One o f t h e models i s based on l i n e a r e l a s t i c f r a c t u r e mechanics and t h e o t h e r on a s t r e n g t h d e g r a d a t i o n model r e c e n t l y s t u d i e d a t NASA Lewis ( r e f . 9 ) . The models w i t h t h e i r r e s p e c t i v e p r i m i t i v e v a r i a b l e s a r e summarized i n t a b l e 11.
B o t h o f these models a r e used t o p r e d i c t t h e number o f c y c l e s t o f a i l u r e i n a m a t e r i a l t y p i c a l f o r SSME components. The i n p u t f o r t h e f r a c t u r e mechani c s model i s summarized i n t a b l e 111. The CDF o b t a i n e d from t h i s i n p u t i s shown i n f i g u r e 15. The i n p u t f o r t h e s t r e n g t h d e g r a d a t i o n model i s summar i z e d i n t a b l e I V and t h e c o r r e s p o n d i n g CDF i s shown i n f i g u r e 16. Both C D F ' s e x h i b i t wide ranges f o r t h e p r o b a b l e number o f c y c l e s t o f a i l u r e . The l i n e a r f r a c t u r e mechanics model shows a mean o f 10 000 c y c l e s w h i l e t h e s t r e n g t h d e g r a d a t i o n model shows a mean o f 10 m i l l i o n c y c l e s . Based on t h i s comparison t h e l i n e a r f r a c t u r e mechanics model p e n a l i z e s t h e m a t e r i a l by t h r e e decades. I t i s i m p o r t a n t t o n o t e t h e d i f f e r e n c e s between t h e two models: ( 1 ) 
( 2 ) t h e s t r e n g t h d e g r a d a t i o n model does n o t presume t h e e x i s t e n c e o f d e f e c t s and, t h e r e f o r e , i n c l u d e s b o t h d e f e c t i n i t i a t i o n and p r o p a g a t i o n r e s u l t i n g i n g r e a t e r number o f c y c l e s ; ( 3 ) t h e l i ne a r f r a c t u r e mechanics model has f i v e p r i m i t i v e v a r i a b l e s w h i l e t h e s t r e n g t h d e g r a d a t i o n model has 13 (assuming t h a t t h e g r e a t e r t h e number of p r i m i t i v e v a r i a b l e s i n t h e model t h e more i n c l u s i v e t h e r e p r e s e n t a t i o n o f t h e p h y s i c s i n t h e model, t h e n t h e s t r e n g t h d e g r a d a t i o n model w i l l be more a c c u r a t e ) ; and ( 4 ) The l i n e a r f r a c t u r e mechanics model r e q u i r e s d e t e r m i n a t i o n o f c , m, and a i by s p e c i a l i z e d and o f t e n complex t e s t methods w h i l e t h e s t r e n g t h degradat i o n model uses a v a i l a b l e room temperature m a t e r i a l p r o p e r t i e s . The computer code t o p e r f o r m b o t h o f these s i m u l a t i o n s i s d e s c r i b e d i n r e f e r e n c e 9.
CONCLUSIONS The development or p r o b a b i l i s t i c s t r u c t u r a l a n a l y s i s methods f o r h o t engine s t r u c t u r e s c o n t i n u e s . Recent p r o g r e s s on i t s a p p l i c a t i o n t o s e l e c t SSME components i n c l u d e s : ( 1 ) t h e e f f e c t s o f t h e u n c e r t a i n t i e s o f s e v e r a l fact o r s o n b l a d e temperatures, p r e s s u r e s , and t o r q u e , ( 2 ) t h e e v a l u a t i o n of t h e c u m u l a t i v e d i s t r i b u t i o n f u n c t i o n
o f s t r u c t u r a l response v a r i a b l e s based on assumed u n c e r t a i n t i e s i n t h e s t r u c t u r a l p r i m i t i v e v a r i a b l e s , ( 3 ) e v a l u a t i o n of f a i l u r e p r o b a b i l i t y , and ( 4 ) l i f e assessment i n terms o f c u m u l a t i v e d i s t r i b ut i o n f u n c t i o n u s i n g l i n e a r f r a c t u r e mechanics and s t r e n g t h d e g r a d a t i o n models. Three d i f f e r e n t computer codes a r e b e i n g developed i n p a r a l l e l : ( 1 ) 
Composite Load S p e c t r a (CLS) f o r t h e p r o b a b i l i s t i c d e s c r i p t i o n o f SSME component l o a d s ,
( 2 ) NESSUS, f o r t h e p r o b a b i l i s t i c s t r u c t u r a l a n a l y s i s o f s e l e c t SSME s t r u c t u r a l components, and ( 3 ) a l i f e d u r a b i l i t y code f o r t h e assessment o f t h e f a t i g u e c y c l e s t o f a i l u r e o f s t r u c t u r a l components i n SSME m i s s i o n environments. Coll e c t i v e l y , t h e r e s u l t s o b t a i n e d t o d a t e demonstrate t h a t t h e s t r u c t u r a l durab i l i t y of SSME c r i t i c a l components can be e v a l u a t e d u s i n g t h e p r o b a b i l i s t i c methodology under development. REFERENCES 1 . Hu-Washizu V a r i a t i o n a l P r i n c i p l e , " 2 8 t h S t r u c t u r e s , S t r u c t u r a l Dynamics and M a t e r i a l s Conference, P a r t 1 , A I A A , New York, pp. 252-259. Nagpal, V . K . , R u b i n s t e i n , R . , and Chamis, C . C . , 1987, " P r o b a b i l i s t i c S t r u c t u r a l A n a l y s i s t o Q u a n t i f y U n c e r t a i n t i e s A s s o c i a t e d w i t h Turbopump B l a d e s , " 2 8 t h S t r u c t u r e s , S t r u c t u r a l Dynamics and M a t e r i a l s Conference, P a r t 1 , A I A A , New York, p p . 2 6 8 -2 7 3 . Spencer, B . F . and Hopkins, D . A . , 1988 , "An E x p e r t System f o r P r o b a b i l i s t i c D e s c r i p t i o n o f Loads on Space P r o p u l s i o n System S t r u c t u r a l Components," 2 9 t h S t r u c t u r e s , S t r u c t u r a l Dynamics and M a t e r i a l s Conference, P a r t 3 , A I A A , New f o r k , pp. 1262-1266.
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